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This article presents an analytic development of the information array obtained 
with a single tracking pass of phase-delay measurements made from a short baseline 
interferometer. Phase-delay observations can be made with great precision from two 
antennas using a single , common distributed frequency standard, hence the name 
“connected element With the information array , closed-form expressions are de- 
veloped for the error covariance in dedination and right ascension . These equations 
serve as useful tools for analyzing the relative merits of candidate station locations 
for connected element interferometry (CEI). The navigation performance of a short 
baseline interferometer located at the Deep Space Network’s (DSN’s) Goldstone 
complex is compared with that which is presently achievable using Very Long Case- 
line Interferometry (VLDI) over intercontinental baselines. The performance of an 
intracomplex pair of short baselines formed by three stations is also investigated, 
' along with the use of a single baseline in conjunction with conventional two-way 
Doppler data. The phase-delay measurement accuracy and data rate used in the 
analysis are based on the expected performance of an experimental connected ele- 
ment system presently under construction at Goldstone. The results indicate that 
the VLDI system that will be used during the Galileo mission can determine the 
declination and right ascension of a distant spacecraft to an accuracy of 20-25 nrad , 
while the CEI “triad” system and the combination CEI-Doppler system are both 
capable of 30-70 nrad performance. 

I. Introduction 

At the present time, wideband delta Very Long Base- 
line Interferometry (AVLBI) is the most accurate angu- 
lar measurement tool of all the radio metric data types 
used in deep space navigation. The wideband AVLBI sys- 
tem designed for the Galileo mission is capable of angular 
measurement accuracy in the 20-30 nrad range, which 


corresponds to a position uncertainty of about 3. 0-4. 5 km 
per astronomical unit (AU). 1 Connected element interfer- 
ometry (CEI) is a new radio interferometric technique in 
which a common frequency standard, distributed through 


1 Galileo Navigation Plan , Galileo Project Document 625-566, 
Rev. A (internal document), Jet Propulsion Laboratory, Pasadena, 
California, October 1989. 
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a fiber-optic communications link to two stations 
10-100 km apart, is used to make very precise measure- 
ments of the time delay of an incoming signal between the 
two stations [1,2]. The proximity of the stations makes 
it possible to observe a spacecraft for 9 to 14 hours, as 
opposed to the typical 0-to-4-hour view period obtainable 
with an intercontinental baseline. 

In order to compare the relative capabilities of CEI 
and wideband AVLBI, a simple model of the differenced 
one-way range (DOR) observable, which is theoretically 
equivalent to both CEI phase-delay and wideband AVLBI 
measurements, wets developed and used to form the in- 
formation array for each data type. The two information 
arrays were then inverted to obtain closed-form expres- 
sions for the error covariance of spacecraft declination and 
right ascension associated with each tracking model. The 
use of CEI augmented with two-way Doppler is also in- 
vestigated, using a simple analytic model for the informa- 
tion contained in a Doppler tracking pass in combination 
with the CEI information equations. These information 
models provide a common framework for a comparison of 
the capabilities of these data types, as a function of some 
of the key parameters that have an impact on navigation 
performance. 


II. Analysis 

Both wideband AVLBI and CEI measure the differ- 
enced one-way range from a spacecraft to two separate 
stations, which can be expressed simply as 

DOR =B-S (1) 

where 

B_ — baseline vector = r 1 — r 2 
r x = position vector of station 1 
r 2 = position vector of station 2 
S_ = unit vector in spacecraft direction 

The station locations and baseline components are ex- 
pressed in cylindrical coordinates in an Earth-fixed frame: 

B_ = (r^ cos A#, r B sii\X B) z B ) 

where 


r B — baseline component perpendicular 
to Earth’s spin axis 

z B = baseline component parallel to Earth’s spin axis 
X B = baseline longitude 

The baseline coordinates as a function of the station coor- 
dinates are as follows: 

1 / 

r B = [ r i + r 2 - 2 r ir 2 c ° s (Ai - A 2 )] 
z B = z i - z 2 ( 2 ) 

\ B = Atan |(»’i sin A, — r 2 sin A 2 )/(ri cos Ai — r 2 cos A 2 )j 
where 

, r 2 — station location components 

perpendicular to Earth’s spin axis 

Z\,Z 2 — station location components parallel 
to Earth’s spin axis 

Ai, A 2 = station longitudes 

Using Eq. (2), the DOR observable, Eq. (1), and its partial 
derivatives can be expressed as a function of the baseline 
components and the spacecraft coordinates: 

DOR = r B cos 6 cos H B 4- z B sin 6 (3) 

where 

S = spacecraft declination 
H b = a B — a (baseline hour angle) 
a B = baseline right ascension 
a = spacecraft right ascension 

5DOR /dS = —r B sin S cos H B + z B cos 6 (4) 

dDOR/da — r B cos 6 sin H B 

A. Information Array for DOR Observables 

Due to the manner of its implementation, wideband 
AVLBI is typically used to form a single measurement 
during the time period in which the spacecraft is in view 
at both stations. Since the baseline is only sensitive to an- 
gular displacement in one direction, wideband AVLBI ob- 
servations are made in pairs using two baselines that are as 
near orthogonal as possible. This is the approach employed 
for Galileo navigation, with a pair of wideband AVLBI 
measurements being made every three days on average 
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using the Goldstone— Madrid and Goldstone-Canberra 
DSN baselines. 

The development given below establishes an approxi- 
mate analytic representation of the error covariance for a 
pair of wideband AVLBI measurements, using the DOR 
observable model. Since AVLBI observations are very sen- 
sitive to the effects of the troposphere on the received ra- 
dio signal, it is desirable to make the measurements at the 
highest elevation possible for both antennas. To account 


for this in some respect, the baseline hour angle H is as- 
sumed to be 90 deg for both DOR measurements. This 
assumption simplifies the error covariance equations and 
has no significant effect on the results obtained from them. 

The information content for each DOR measurement is 
formed using the partial derivatives given in Eq. (4); the 
two are then summed together to form the complete infor- 
mation array for the two observations. The information 
content of a single DOR measurement is as follows: 


/dor = 


(dDOR/<9<5) 2 (<9DOR/d6) (<9DOR/da) 

(<9DOR/d,5) (dDOR/da) (<9DOR/da) 2 


(^/o'dor) 


(5a) 


Assuming that no a priori information exists, the error where 
covariance matrix associated with the estimates of 6 and 
a obtained from the DOR observation pair is simply the 
inverse of the information array: 


X T = (<5, a) (true values) 


r D oR = £ j (x - x) (x-l) T } 


'6a 

J2 


— (/dor) 


'6a 


(5b) 


X = (6,d) (estimated values) 


Substituting Eq. (4) for Eq. (5a) in each measurement, 
then adding the two and inverting the resulting DOR in- 
formation array yields the desired expressions for the ele- 
ments of the error covariance matrix: 


(r!i + r& a ) 


<j s = 


(r%i + r m) (4i + z bt) - ( r BiZm + r B 2 ZB 2 ) 2 cos 2 6 


(cdor/ 2 ) 


(6) 


crl = 


(4l + Z B2) 


(4l + r D (4l + Z B2 ) - ( r Bl*Bl + r B 2ZB2Y 


2 c ( (c’DOr/ 2 ) 

cos 0 


( 7 ) 


(r B i*bi + nnzjw) 


'6a 


(4 1 + r B2) ( Z B1 + Z B2 ) ~ ( r BlZBl + rB2 z B2 f COS 2 6 


(^dor/ 2 ) 


( 8 ) 
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where 


r Bi, z Bi ~ radial and z-height components 
for baseline 1 

r B 2 , = Z B 2 = radial and z-height components 
for baseline 2 

^dor = variance of DOR observations 


hour angle II b, careful consideration must be given to the 
choice of the limits A and B. The baseline hour angle can 
be defined in terms of the hour angle of one end of the 
baseline, chosen to be station 2 here, as follows: 

II B = // + 0 (11) 

where 


B. Information Array for CEI Tracking Pass 

The CEI phase-delay observable, like the wideband 
AVLBI observable, is a measurement of differenced one- 
way range, so the information array for a single measure- 
ment is given by Eq. (5a). The information array and 
associated error covariance matrix for a pass containing 
N measurements, assuming a constant measurement vari- 
ance of ct 2 cei , is then 


II b ~ baseline hour angle 
II = station 2 hour angle 
<f) = baseline longitude relative to station 2 
0 — ~ ^2 

= Atan |ri sin(Ai — A 2 )/(ri cos(Ai — A 2 ) — r 2 )j 

( 12 ) 


^CEI = 


N 


(N/<t 2 cei ) £ (ODORi/dX) (DDORi/dX) 1 


» = 1 


Tcei — (^CEI 


.-1 


(9a) 

(9b) 


where, once again 


X T = (6,a) 


Equation (12) was obtained by setting A 2 to zero in Eq. (2) 
and replacing Ai with (Ai — A 2 ). Using Eqs. (11) and ( 12), 
the limits of integration for the elements of the informa- 
tion array can be expressed in terms of the hour angle of 
station 2. If it is further assumed that the two stations 
comprising the connected element are near enough to each 
other such that the hour angle for both stations is roughly 
the same, then the limits can be expressed in terms of a 
single station hour angle and the baseline angle <f>: 

A = -H + <j> 


Equation (9b) is analogous to Eq. (5b) for the DOR ob- 
servation pair, and it also is based on the assumption that 
no a priori information exists. The summation in Eq. (9a) 
can be replaced with integration, assuming continuous ob- 
servations. The resulting integrals can then be adjusted 
by a constant to account for the fact that the observa- 
tions are discrete. For example, the information element 
for declination becomes 


B = II+<f> (13) 

where 

H — tracking pass half-width 

The information array for a single, symmetric (in H) CEI 
tracking pass is then 


B o 

-fcEI 11 = (l/u 2 ceiA<) J (<9DOR/<9<5) dll (10) 


ICEI — 


fcEI 11 

Ic El 12 


^CEI 12 

fcEI 22 


where 

u) = Earth rotation rate 
At — time interval between measurements 


Ice\ li = (JiI'b sin2 & + ^ 2 z\ cos 2 <5 - ‘IJzvbZb sin S 

cos 6) / (wer^g, At) (14) 

icEI 12 = {J4 r B~B COS 2 — J$r~B s ' n & cos / O^CEI ^0 


The variable At forces the integrated information ele- / CEI 22 = (J 6 r^ cos 2 <$) /(u^cei^O 
ment to be equivalent to the corresponding summed 
element. Since the variable of integration is the baseline where 
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Ji = H + (1 /2) sin 2 H cos 2 <f> 

J 2 = 2H 

J 3 — 2 cos <j> sin H (15) 

J 4 = 2 sin <f> sin H 
J 5 = sin 2 (f) sin 2 // 

J 6 = H - (1/2) sin 2// cos 2^ 

It must be noted that Eqs. (14) and (15) were developed 
assuming that the declination 8 and the right ascension a 


of the spacecraft are constant during the tracking period. 
While this is a reasonable assumption for a single pass, 
which takes place during the course of several hours, it is 
not applicable when it is desired to accumulate a sequence 
of CEI tracking passes taking place over a period of several 
days. To do so requires a more sophisticated model for 
the spacecraft state variables which includes the rates of 
change of a and 6 . 

The error covariance of the spacecraft angular coordi- 
nates can now be obtained by inverting the CEI informa- 
tion array, Eq. (14): 


v* = 


<rl = 


H - (1/2) sin 2 II cos 2(f) 


D\r 2 B sin 2 8 -h D 2 z' B cos 2 <5 + D 2 vq zq sin <5 cos 6 


( wcr CEI^0 


[II + (1/2) sin 2H cos 2<f>] rl sin 2 6 + 2H z\ cos 2 <5 — 4 cos (f) sin HvqZb sin S cos 8 , 2 a,\ 

■ — — — ' 1 CTy-*p f iA t j 

D\ rg sin 2 6 cos 2 6 + D 2 r^Zg cos 4 6 + D 2 r 2 B zs sin 6 cos 3 6 


2 2 sin <f> sin Hzb cos <5 — sin 2<£sin 277 t*b sin 6 , 2 A .\ 

Sa s in 2 ^ cos 6 + D 2 rsz B cos 3 6 4- D 2 r 2 B zs sin 6 cos 2 8 CEI 


(16) 

(17) 

(18) 


where 


p = station-spacecraft range- rate 


D\ — 77 2 — sin 2 277 [sin 2 2<t> + (1/4) cos 2 2<f>) 

D 2 = 27/ [77 — ( 1 / 2 ) sin 27/ cos 2 <j>\ — 4 sin 2 <£sin 2 77 


r = spacecraft geocentric range-rate 

r s = station component perpendicular to 
Earth’s spin axis 


£>3 = sin II sin 2 H (2 sin <f) sin 2(f) + cos cos 2(f) 

— 211 cos <f)sin II (19) 


In Eq. (20), H and 8 are the spacecraft hour angle and dec- 
lination, respectively, just as in the DOR and CEI tracking 
models. The Doppler signal is seen to be a function of the 
three spacecraft coordinates r, 8 , and a . The information 
array for a single, symmetric pass (-H to -f H) of data is 


C. Information Array for Doppler Tracking Pass 

The Doppler information model given below was de- 
veloped by Hamilton and Melbourne in their classic 1966 
paper [3]. Over the course of a single tracking period, the 
range-rate to a distant spacecraft observed at a station can 
be closely approximated by the following expression: 


Idop = 


N 

(N/ f rj)J2(dp,/dX)(dp i /dX) T 


= a t ja 

( 21 ) 


where 

X T = (7,6, a ) 


p — r + wr s cos 8 sin II 


(20) 


where 



0 

-wr, sin 8 
0 


0 

0 

— u>r s cos 8 


( 22 ) 
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J = 


2 H 
0 

2 sin H 


H 


0 2 sin H 

(1/2) sin 2 H 0 

0 H + (1/2) sin 27/ 


x 


( 


i 

W(T 2 A< 

P 


(23) 


Inversion of Eq. (21) yields expressions for the variance 
of the declination and right ascension estimates obtained 
from the tracking pass. In the equations given below, the 
effects of timing and station location errors on the esti- 
mates are included. 


uncertainty drops off exponentially with increasing eleva- 
tion, with most occurring within the elevation range 0- 
30 deg. To account for this variation, the tracking pass 
half-width H can be made to vary with declination such 
that the spacecraft is only observed when its elevation an- 
gle is above some minimum. An elevation cutoff of 30 deg 
was chosen for use here, based on the above discussion. 
At this elevation, the phase-delay uncertainty due to tro- 
pospheric fluctuations is about 5 mm. Admittedly this is 
a somewhat arbitrary selection; nevertheless, the use of 
this value should yield some reasonable indication of how 
the navigation performance obtained from CEI varies with 
declination. 


A = 



(fjA t/unj) 

[// — (1/2) sin 2//] 


+ cos 2 



(24) 


A = ( cr l At / u>r2 , cos 2 6) 

x |7// [ // 2 + (l/2)tf sin2tf - 2sin 2 tf]} 

+ W 2 cr^ + u 2 (25) 

Ac = 0 (26) 


To some degree this same argument also applies to 
Doppler data since they are also affected adversely by 
random tropospheric fluctuations. An elevation cutoff 
of 15 deg has been commonly used during past flight 
projects — and was used below for all scenarios involving 
Doppler. Since Doppler data can be readily acquired by 
all of the stations within the Deep Space Network (DSN), 
which are located in both the northern and southern hemi- 
spheres, the declination of the spacecraft being tracked is 
of little importance in terms of its effect on tracking pass 
width. 

Elevation can be expressed directly as a function of dec- 
lination, hour angle, and station location as 


where 


crj — range-rate measurement variance 


h = A sin [(r,/0 / cos 6 cos H + (;r/() sin <$J (27) 

where 


At = time interval between data points 


h = elevation angle 


c t 2 t — variance of timing error 


r s — station location spin radius, as in Eq. (2) 


a\ — variance of station longitude error 


z — station location 2 -height, Eq. (2) 


D. Tracking Pass Width as a Function of 
Declination 

Before comparing CEI and VLBI navigation perfor- 
mance, the selection of an appropriate value for the track- 
ing pass half- width, H f must be addressed. Edwards [2] 
has shown that random fluctuations in the troposphere are 
probably the dominant error source in determining CEI 
phase-delay measurement accuracy, and that the statisti- 
cal uncertainty of this effect is inversely proportional to the 
elevation angle at which the spacecraft is being observed. 
His analysis indicates that the troposphere-induced mea- 
surement uncertainty drops off exponentially with increas- 
ing elevation, with most occurring within the elevation an- 
gle at which the spacecraft is being observed. His analy- 
sis indicates that the troposphere-induced measurement 


<= k +^) 1 ' 2 

Figure 1 shows the variation in tracking pass half-width 
with declination for minimum elevations of 10-30 deg. As 
seen in Fig. 1, the reduction in pass width becomes espe- 
cially pronounced as declination drops below zero. These 
curves, or curves corresponding to other stations when ap- 
propriate, were used to determine the value of H to use 
in all of the results involving CEI and Doppler data which 
follow. 


III. Results 

A reference VLBI tracking scenario was created using 
the DOR error covariance equations, Eqs. (6) through (8), 
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to obtain the uncertainty for a pair of observations taken 
from the baselines formed by DSN Goldstone-Madrid 
(DSS 14-63) stations and Goldstone-Canberra (DSS 14- 
43) stations. These two baselines are the most nearly 
orthogonal set possible within the Deep Space Network. 
The measurement accuracy assumed for both DOR obser- 
vations was 14 cm (lcr), which is the performance expected 
for the wideband AVLBI system carried by the Galileo 
spacecraft. 2 The baseline coordinates and results for this 
case are given in Table 1. In this scenario it was assumed 
that 6 = 0, making this a best-case result. 

Actual wideband AVLBI measurements are con- 
structed by differencing a spacecraft DOR observation 
with a second DOR observation of an extragalactic radio 
source (EGRS), which is normally a quasar. This results 
in the cancellation, or near-cancellation, of the effects of 
certain error sources that are common to both stations. 
The locations of quasars used for AVLBI are usually very 
well known, but not exactly known, and so this uncer- 
tainty must be considered in determining the overall ac- 
curacy of AVLBI measurements. Current quasar catalogs 
are known to be accurate to 5-15 nrad [4]. Io account for 
this uncertainty in some sense, the results in Table 1 con- 
sist of the root-sum-square uncertainty of the right ascen- 
sion (RA) and declination (DEC) uncertainties obtained 
from the AVLBI measurements plus a I5-nrad quasar lo- 
cation uncertainty. 

A CEI tracking scenario, also for 6 = 0, was con- 
structed for comparison, using a fictitious north-south 
baseline (<j> = 0) 20.5 km in length, with one end being 
DSS 15 at Goldstone. The baseline coordinates and re- 
sults for this scenario are given in Table 2. A scale map 
of the Goldstone Deep Space Communications Complex 
(DSCC) appears in Fig. 2, showing DSS 15 at the north 
end. 3 Admittedly, the construction of a 20.5-km north- 
south baseline would require a station located outside of 
the present boundaries of the Goldstone DSCC, shown in 
the lower left-hand corner of Fig. 2. This fictitious station 
would not be far outside the current boundary, though, 
and since the construction of any operational CEI system 
would probably depend upon the construction of new sta- 
tions in any event, this assumed station location is reason- 
able for the purposes of this analysis. 

Actual CEI measurements will consist of a spacecraft 
phase-delay measurement differenced with a quasar phase- 
delay measurement, similar to AVLBI observations, and 


2 Ibid. 

3 Based on Directory of G oldstone Buildings and Facilities, JPL 

Project Document 890-165, Rev. A (internal document), Jet 
Propulsion Laboratory, Pasadena, California, October 1, 1989. 


for essentially the same reasons — to obtain cancellation 
of common error sources. As with the VLBI results in 
Table 1, the CEI accuracy figures in Table 2 also contain a 
15-nrad quasar location uncertainty in both RA and DEC, 
combined in a root-sum-square sense with the uncertain- 
ties obtained from the measurements themselves. It should 
be noted here that quasar location uncertainty was not a 
significant contributor to navigation error uncertainty in 
any of the VLBI or CEI cases considered herein. 

Table 2 illustrates an important point: a single north- 
south CEI baseline can determine both declination and 
right ascension. Figures 3 and 4 show the effects of ro- 
tating the baseline away from a north-south orientation 
as a function of spacecraft declination. By the conven- 
tions chosen in defining <f > , Eq. (12), a negative value of <j> 
implies a rotation of the baseline to the west from north, 
while a positive value of <f> implies a rotation to the east 
from north. Only curves for posit ive values of <f> are shown, 
since a negative <(> yields a covariance of the same magni- 
tude as the corresponding (j> of opposite sign. From these 
two figures, it can be seen that rotating the baseline away 
from a north-south orientation causes some degradation 
in both a b and < 7 *, but it is not significant except for 
low (less than -10°) declination and for baseline angles 
greater than roughly ±20°. Figure 4 shows that the capa- 
bility of a north-south baseline to determine RA decreases 
rapidly with decreasing declination. Finger and Edwards, 4 
in their numerical investigation of CEI tracking perfor- 
mance from Goldstone baselines, obtained similar results, 
but their analysis was restricted to declinations of -23°, 
0°, and +23°. 

If a third station were added to the single baseline two- 
station CEI system envisioned thus far, two separate base- 
lines could be formed into a connected element triad. 
Figure 5 is a diagram showing such a hypothetical system 
at Goldstone, with the third station situated just outside 
the southeast corner of the complex. This system incorpo- 
rates an east-west baseline with the original north-south 
baseline. Table 3 contains the baseline coordinates of the 
system and the tracking results which would be obtained 
for a spacecraft at 0° declination. In these scenarios, the 
error covariance for the combined tracking solution from 
the two baselines is computed by adding the information 
arrays obtained for each individual baseline, then invert- 
ing the result. The combined information from the two 
baselines reduces the RA uncertainty obtained with just 
the north-south baseline from 107 nrad to about 42 nrad, 


4 M. H. Finger and C. D. Edwards, “Relative CEI Navigation Perfor- 
mance of Goldstone Intracomplex Baselines,” Interoffice Memoran- 
dum 335.3-88-116 (internal document), Jet Propulsion Laboratory, 
Pasadena, California, October 20, 1988. 
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a factor of 2.5 improvement. This suggests that a CEI 
triad system could determine both RA and DEC to better 
than 50 nrad, using data taken only by stations at a single 
complex — in this case, Goldstone. 

When used in conjunction with other data types, a sin- 
gle north-south CEI baseline may yet be a valuable navi- 
gation tool. The use of X-band (8.4 GHz) frequencies for 
both the uplink and downlink communications legs with 
the Magellan spacecraft, and later for Galileo and Mars 
Observer, should yield Doppler measurements of range- 
rate accurate to 0.1 mm/sec or better, except in cases 
where the Sun-Earth-probe angle is less than 15°. 5 Current 
Doppler accuracy for S-band (2.3 GHz) spacecraft commu- 
nications is in the 0. 5-1.0 mm/sec range. Table 4 describes 
the navigation accuracy which would be obtained with a 
combination of X-band Doppler passes from stations at 
the DSN sites in Madrid, Spain, and Canberra, Australia, 
with CEI data from Goldstone, again for a spacecraft at 
0° declination. The values used in Table 4 for timing er- 
ror (<r T ) and station spin radius (<x r ,) and longitude errors 
(<ta) are somewhat optimistic by current standards, but 
they should be attained within the next few years. As in 
the CEI triad scenario, the error covariance for the com- 
bined CEI-Doppler solution is simply the inverse of the 
summed information obtained from each data type. The 
addition of the Doppler data in this case results in a factor 
of 2 improvement in RA uncertainty over the performance 
of the north-south CEI baseline alone, from 107 nrad to 
53 nrad. 

Figure 6 is a comparison of the error uncertainty 
ellipses for the tracking scenarios given in Tables 1-4. The 
orientations of the VLBI ellipse reflects the orientations 
of the baselines that comprise the system, while it is ap- 
parent that the CEI systems and the CEI-Doppler com- 
bination both produce uncorrelated error covariances for 
6 and a . Table 5 provides a comparison of the navigation 
performance obtained from each of the three tracking sys- 
tems discussed here, AVLBI, CEI triad and CEI-Doppler, 
as declination varies from —20° to 4-20°. Figures 7 and 
8 present the information in Table 5 graphically. In 
these tables and figures, “CEI-f Dop” refers to the tracking 


5 P. W. Kinman and J. G. Meeker, “Two-Way Coherent Doppler 
Measurement Accuracy for Venus Radar Mapper,” Interoffice 
Memorandum 3392-84-94 (internal document), Jet Propulsion Lab- 
oratory, Pasadena, California, July 6, 1984. 


system described in Table 4, which uses data from a sin- 
gle north— south Goldstone CEI baseline in combination 
with Doppler data from Madrid and Canberra. Remem- 
ber that in all of these cases, the tracking pass half-width 
is also changing with declination, so the variations seen in 
Table 4 are actually a function of two parameters, H and 
<5, not just 6. 


IV. Conclusions 

This study used simple, approximate mathematical 
models to investigate the relative tracking performance ob- 
tainable with two interferometric methods — a hypothetical 
CEI triad system at Goldstone and the wideband AVLBI 
system which will be used by the Galileo spacecraft— and 
a third hybrid system that uses a single CEI baseline in 
conjunction with conventional Doppler. The analysis per- 
formed indicates that the Galileo AVLBI system is capable 
of determining both RA and DEC to 20-25 nrad through- 
out the ecliptic plane. The hypothetical Goldstone in- 
tracomplex CEI system, which comprises three stations, 
is capable of producing sub-50-nrad estimates of DEC 
throughout the ecliptic plane, and RA estimates of 50 nrad 
accuracy or better down to a declination of about —10°. 
Data from even a single Goldstone connected element in- 
terferometer, when combined with X-band Doppler data 
from two other DSN stations, are capable of determining 
DEC to better than 50-nrad throughout the ecliptic plane 
and RA to 50-70 nrad. 

The results of this study show that intracomplex CEI 
is a viable alternative to AVLBI for missions requiring 
spacecraft angular coordinate determination to an accu- 
racy of 30-50 nrad. While the navigation accuracy achiev- 
able with intracomplex CEI from the Goldstone DSCC suf- 
fers somewhat at very low declinations, it has been shown 
that even a single 20.5-km baseline at Goldstone can po- 
tentially deliver better than 70-nrad accuracy when used in 
conjunction with X-band (8.4 GHz) Doppler. If a CEI sys- 
tem were also built at the DSN Canberra complex, this low 
declination problem would be eliminated. Considering the 
speed and reliability with which phase-delay data can be 
generated and processed for navigation, CEI can provide 
the DSN with a tremendous capability, in terms of both 
the number of missions that can be supported simultane- 
ously and the navigation accuracy that can be achieved. 
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Table 1. VLBI tracking scenario results (6 = 0) 


Baseline 

r B, 

km 


Z B, 

km 

G oldstone-M adrid 

8378.986 


-341.545 

Goldstone-Canberra 

7620.841 


7351.800 

Measurement accuracy udOR ~ 

: 14 cm (approx. 

20 nrad) 

Quasar direction uncertainty (1 

a) = 15 nrad (in 

both 


declination and right ascension) 

1 



as — 24.2 nrad 




a a — 19.4 nrad 




Table 2. CEI tracking 

scenario results 

(5 = 

0) 

Baseline: tq = 11.467 km, zq - 

= 17.000 km, 0 = 

o, 



length = 20.61 km 

(Station 1 is DSS 15, Goldstone, California) 

Tracking pass half- width H = 52.3° 

(elevation cutoff = 30°) 

Time interval between measurements At — 360 sec 
Earth rotation rate u> = 7.292 X 10 “ 5 rad/sec 
Measurement accuracy <tcei = 5 mm (approx. 250 nrad) 
Quasar direction uncertainty ( 1 < 7 ) = 15 nrad 

<7 <5 = 38.4 nrad 
a Q = 107 m*ad 


Table 3. CEI triad system performance (6 = 0) 


Baseline 

r B, 

z By 

0 , 

Length, 

km 

km 

deg 

km 

1: North-south 

11.647 

17.000 

0.0 

20.61 

2: East-west 

12.000 

0.0 

90.0 

12.00 


For all baselines: 

H = 52.3° (elevation cutoff = 30° ), At = 360 sec, <?CEI = 5 mm 
w = 7.292 X 10" 5 rad/sec 

Quasar direction uncertainty (1<t) = 15 nrad 

as = 31.6 nrad 
a cx ~ 42.4 nrad 


Table 4. Combined X-band Doppler-CEI performance (5 = 0) 


Doppler data: 
Station 

t b y km 

2 , km 

A, deg 

H , deg 

DSS 42, Canberra 
DSS 62, Madrid 

5205.352 

4860.817 

-3674.582 

4116.906 

148.9813 

355.6322 

71.5 

70.2 

CEI baseline: 


r # = 11.467 km, zq = 17.000 km, 0 = 0° 

H = 52.3° (elevation cutofT = 30°), At = 360 sec, <r C EI = 5 nun 

At — 60 sec, a p = 0.1 nun/sec, elevation cutofT = 15° 
wa T = 20 nrad, cr\ = 60 nrad, a Ta = 30 cm 

as = 35.3 nrad 
a a = 52.9 nrad 


Table 5. Relative performance comparison between systems 


«o 

DEC uncertainty, nrad 


RA uncertainty, nrad 

VLBI 

CEI triad 

CEI-f-Dop 

VLBI 

CEI triad 

CEI+Dop 

-20 

25.2 

40.7 

46.6 

19.9 

68.3 

67.5 

-15 

24.8 

35.2 

39.7 

19.7 

55.1 

62.7 

-10 

24.4 

32.9 

37.4 

19.5 

48.7 

58.5 

-5 

24.3 

31.9 

36.1 

19.5 

44.9 

55.3 

0 

24.2 

31.6 

35.3 

19.4 

42.4 

52.9 

5 

24.3 

31.7 

34.8 

19.5 

40.9 

51.2 

10 

24.4 

32.3 

34.7 

19.5 

40.0 

50.0 

15 

24.8 

33.2 

34.6 

19.7 

39.6 

49.3 

20 

25.2 

34.5 

34.7 

19.9 

39.6 

48.9 
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Fig. 1. Tracking pass half-width versus spacecraft declination 
for different elevation cutoffs (DSS 15, Goldstone, California). 



STATION 

COORDINATES 

DSS 14 
03525. 6N 
1 1653.3W 

DSS 15 

03525.32N 

11653.18W 

DSS 11 
03523. 4N 
1 1651 .0W 
AIRPORT 
03521. ON 
1 1653. 0W 

DSS 16 
03520. 5N 
11652.3W 

MBS 

03519. 48N 
11653.57W 

RS2 

03518. 42N 
11651, 12W 

DSS 12 
03518. ON 
11648.3W 

DSS 13 
03514. 9N 
11647. 6W 


Fig. 2. Goldstone Deep Space Communications Complex. 
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